Abstract. The inflammatory response is involved in the pathogenesis of the most common forms of heart disease. Icariin has a number of pharmacological actions, including anti-inflammatory, anti-oxidative and anti-apoptotic effects. However, the role of icariin in cardiac inflammation has remained elusive. In the present study, H9c2 rat cardiomyocytes were stimulated by lipopolysaccharide (LPS) and treated with icariin. The results showed that icariin significantly reduced the increase in the mRNA expression of tumor necrosis factor α, interleukin (IL)-1β and IL-6 that occurred in response to LPS. Furthermore, icariin regulated the expression of B-cell lymphoma 2 and B-cell lymphoma 2-associated X, and rescued H9c2 cells from apoptosis. Incubation with 2',7'-dichlorofluorescein diacetate demonstrated that icariin inhibited the production of intracellular reactive oxygen species (ROS). In addition, the phosphorylation of c-Jun N-terminal kinases (JNK), the degradation of inhibitor of κB and the nuclear translocation of nuclear factor-κB (NF-κB) p65 in LPS-treated H9c2 cells were blocked by icariin treatment. These results suggested that icariin prevented cardiomyocytes from inflammatory response and apoptosis, and that this effect may be mediated by inhibition of the ROS-dependent JNK/NF-κB pathway.
Introduction
The inflammatory response is involved in the pathogenesis of the most common forms of heart disease, including myocarditis, cardiomyopathy, myocardial infarction and heart failure (1) . Although the initial inflammatory reaction is a protective response to stressors, including infection or tissue injury, prolonged inflammation leads to additional cardiac injury and cardiomyocyte loss (2) . Of note, cardiomyocytes themselves are a significant source of pro-inflammatory cytokines, including tumor necrosis factor α (TNF-α), interleukin (IL)-1β and IL-6 (3). Toll-like receptor 4 (TLR4), an innate immune receptor expressed on immune cells and cardiomyocytes, is critical in the activation of the nuclear factor-κB (NF-κB) pathway and the induction of inflammatory cytokines within cardiomyocytes (4) . TLR4 signaling is involved in numerous cardiovascular diseases, including myocardial ischemia, ischemia/reperfusion, cardiac hypertrophy, cardiomyopathy and heart failure (5-9). Therefore, pharmacological interventions which disrupt the TLR4-induced inflammatory response in cardiomyocytes may be a promising approach for the treatment of certain cardiovascular diseases.
Icariin (ICA; C 33 H 40 O 15 ; MW, 676.66), a prenylated flavonol glycoside, is the major active component isolated from plants of the Epimedium family, which are used in Traditional Chinese Medicine for the treatment of rheumatism, osteoporosis and hypogonadism (10, 11) . Icariin has an anti-inflammatory effect in a number of tissues and cells, and a range of pharmacological properties of icariin have been revealed, including immunoregulation, regulation of oxidative stress, anti-apoptotic effects and stimulation of angiogenesis (10, (12) (13) (14) . Recently, Song et al (13) showed that icariin attenuated cardiac remodeling in rats with congestive heart failure through inhibition of matrix metalloproteinase (MMP) activity and protection of cardiomyocytes from apoptosis. This suggests that icariin has a cardioprotective role. However, it has yet to be elucidated whether icariin inhibits the inflammatory response and subsequent injury in stimulated cardiomyocytes.
Lipopolysaccharide (LPS), a component of the outer layer of the gram-negative bacterial cell wall, is an agonist of TLR4 and has been shown to induce cardiomyocyte dysfunction by activating TLR4 and promoting the production of inflammatory mediators (4) . In the present study, LPS was used to induce inflammatory injury in H9c2 rat cardiomyocytes treated with icariin, and the effects on cell viability, apoptosis and the production of inflammatory mediators were investigated. In addition, the possible mechanisms underlying the effects of icariin on these processes were examined. H9c2 cardiomyocyte culture. The H9c2 embryonic rat heart-derived cell line was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Icariin was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) at a concentration of 10 mmol/l for storage at -20˚C. Cells were cultured in DMEM/F12 1:1 medium supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 mg/ml) in a humidified incubator with an atmosphere of 5% CO 2 at 37˚C. Cells were seeded at a density of 1x10 6 per well onto six-well culture plates for, mRNA extraction; 5x10 5 per well onto six-well culture plates, for terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) analysis; 5x10 3 cells per well in 96-well plates for reactive oxygen species (ROS) detection; and 1x10 7 per well onto culture dishes (100 mm), for protein extraction. Cells were cultured in serum-free medium for 24 h and pre-treated with icariin for 12 h prior to LPS stimulation.
Materials and methods

Reagents
Cell viability. Cell viability was investigated using a Cell Counting kit-8 (CCK-8; Sigma-Aldrich) assay. Following icariin treatment for 12 h, 10 µl CCK-8 solution was added to each well of the 96-well plate prior to a further 4 h of incubation. Absorbance was measured at 450 nm using a microplate reader (Synergy™ HT, BioTek Instruments, Inc., Winooski, VT, USA). The percentage of cell viability was calculated according to the formula: Cell viability(%) = optical density (OD) of treatment group/OD of control group x100.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR was used to detect the mRNA expression levels of inflammatory markers, including TNF-α, IL-1β and IL-6, as described previously (15) . Following 1 h pre-treatment with icariin, H9c2 cells were incubated with LPS for 12 h prior to the extraction of total RNA using TRIzol, and their yields and purities were spectrophotometrically estimated using the A260/A280 and A230/260 ratios via a SmartSpec Plus Spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA). RNA (2 µg from each sample) was reverse-transcribed into cDNA using oligo (DT) primers (Sangon Biotech Co., Ltd., Shanghai, China) and the Transcriptor First Strand cDNA Synthesis kit. The primer sequences used were as follows: GAPDH, F 5'-GAC ATG CCG CCT GGA GAA AC-3' and R 5'-AGC CCA GGA TGC CCT TTA GT-3'; TNF-α, F 5'-AGC ATG ATC CGA GAT GTG GAA-3' and R 5'-TAG ACA GAA GAG CGT GGT GGC-3'; IL-1β, F 5'-GGG ATG ATG ACG ACC TGC TAG-3' and R 5'-ACC ACT TGT TGG CTT ATG TTC TG-3'; IL-6, F 5'-GTT GCC TTC TTG GGA CTG ATG-3' and R 5'-ATA CTG GTC TGT TGT GGG TGG T-3'; Bax, F 5'-AAA CTG GTG CTC AAG GCC CT-3' and R 5'-AGC AGC CGC TCA CGG AG-3'; Bcl-2, F 5'-CCG GGA GAA CAG GGT ATG ATA A-3' and R 5'-CCC ACT CGT AGC CCC TCT G-3'. PCR amplifications were quantified using the LightCycler 480 SYBR Green I Master mix. GAPDH was used as the internal control. The PCR cycling conditions were as follows: Initial activation at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min.
TUNEL staining. A TUNEL assay was performed to label apoptotic nuclei according to the manufacturer's instructions (ApopTag Plus Fluorescein In Situ Apoptosis Detection kit) (16) . Briefly, following 1 h pre-treatment with icariin, cells were incubated with LPS for 12 h and subsequently fixed on coverslips in 1% paraformaldehyde in phosphate-buffered saline (both from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), stained with TUNEL reagents (EMD Millipore) and DAPI (Invitrogen Life Technologies) and observed under a microscope (BX51; Olympus Corp., Tokyo, Japan). The index of cell apoptosis was calculated as the percentage of apoptotic nuclei/total number of nuclei.
ROS detection. Intracellular ROS generation was determined by 2',7'-DCFH-DA which is oxidized to fluorescent DCF by ROS. Following 1 h pre-treatment with icariin, cells were incubated with LPS for 30, 60 or 120 min. Subsequently, H9c2 cells were washed twice and incubated with 5 µM DCFH-DA solution in serum-free medium at 37˚C for 30 min in the dark. Data were then collected using a fluorescence reader (Synergy HT, BioTek Instruments, Inc.) at an excitation/emission wavelength of 485/530 nm. A fluorescence microscope (BX51; Olympus Corp.) was also used to evaluate the DCF fluorescence of cells on coverslips.
Western blot analysis. Western blotting was performed as described previously (17) . Following 1 h pre-treatment with icariin, cells were incubated with LPS for 2 h. Cells were subsequently lysed in radioimmunoprecipitation assay lysis buffer (Guge Biological Technology Co., Wuhan, China), and the protein concentration was measured using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) by a microplate reader (Synergy HT, BioTek Instruments, Inc.). Cell lysates (50 µg) were electrophoresed by 10% SDS-PAGE, transferred onto Immobilon-FL transfer membranes (EMD Millipore), blocked with 5% non-fat milk and incubated with specific primary antibodies overnight at 4˚C prior to incubation with IRDye 800CW-conjugated secondary antibodies. The blots were scanned using a two-color infrared imaging system (Odyssey, LI-COR Biosciences).
Statistical analysis.
Values are presented as the mean ± standard error of the mean. Differences among the groups were determined by two-way analysis of variance followed by a post hoc Tukey test. Comparisons between two groups were performed using the unpaired Student's t-test. P<0.05 was considered to indicate a statistically significantly difference.
Results
Effect of icariin on cell viability. The potential cytotoxicity of icarrin was examined using a CCK-8 assay. H9c2 cells were incubated with varying concentrations of icariin (0.1, 1 and 10 µM) for 12 h. Cell viability in icariin-treated cells was not significantly different compared with that of control cells, indicating that icariin (0.1, 1 and 10 µM) did not cause cytotoxicity in H9c2 cells (Fig. 1) .
Icariin inhibits the expression of inflammatory genes induced by LOS in H9c2 cells. The effect of icariin at different concentrations (0.1-10 µM) on the induction of TNF-α, IL-1β and IL-6 in response to LPS was measured. Stimulation with LPS for 12 h significantly increased the mRNA levels of TNF-α, IL-1β and IL-6 in H9c2 cells. In turn, icariin treatment significantly attenuated this increase in a concentration-dependent manner (Fig. 2) .
Icariin attenuates LPS-induced apoptosis in H9c2 cells.
To investigate the possible protective role of icariin in moderating LPS-induced apoptosis of H9c2 cells, TUNEL staining was used to identify apoptotic nuclei. A significant increase in the number of TUNEL-positive nuclei was observed in cells incubated with LPS, and icariin treatment markedly reduced this LPS-induced cell apoptosis (Fig. 3A and B) . In addition, icariin decreased the levels of expression of B-cell-lymphoma (Bcl-2)-associated X (Bax) mRNA, while increasing the Bcl-2 mRNA expression levels in H9c2 cells following LPS stimulation (Fig. 3C) . This mechanism may in part mediate the anti-apoptotic effect of icariin.
Icariin decreases LPS-induced production of ROS.
Cells incubated with DCFH-DA exhibited increased intensity of fluorescence when treated with LPS, indicating that LPS induced ROS production in a time-dependent manner (Fig. 4A) . Icariin treatment significantly reduced LPS-induced ROS production at the time-points indicated in Fig. 4A . In addition, microscopic examination of DCF-derived fluorescence also suggested that icariin inhibited the accumulation of intracellular ROS in LPS-treated cells, which was in accordance with the results obtained with the fluorescence reader (Fig. 4B) .
Icariin reduces the activation of c-Jun N-terminal kinase (JNK) and NF-κB in response to LPS.
To further investigate the mechanisms underlying the anti-inflammatory and anti-apoptotic effects of icariin on LPS-treated H9c2 cells, western blot analysis was used to detect the activation of JNK and NF-κB, which are key mediators in the cardiac inflammatory response. The results showed that the phosphorylated levels of JNK were significantly elevated by LPS, and that icariin treatment significantly inhibited this LPS-induced phosphorylation of JNK (Fig. 5A and B) . Furthermore, icariin reduced the phosphorylation and degradation of IκB in H9c2 cells that occurred in response to LPS administration, and subsequently decreased the nuclear translocation and phosphorylated level of NF-κB p65 (Fig. 5C-E) . 
Discussion
The present study demonstrated a novel role of icariin, a prenylated flavonol glycoside isolated from plants of the Epimedium family, in the protection of cardiomyocytes from the LPS-induced inflammatory response. Icariin also attenuated LPS-induced apoptosis in cardiomyocytes in association with the downregulation of Bax and the upregulation of Bcl-2. The protective effect of icariin on LPS-stimulated cardiomyocytes may be mediated by the alleviation of ROS production and inhibition of JNK activation and the NF-κB signaling cascade.
A previous study showed that the inflammatory response induced by LPS in cardiomyocytes includes the initial induction of ROS, which leads to the activation of intracellular signaling pathways and transcription factors, and subsequently induces the production of inflammatory mediators, including TNF-α, IL-1β and IL-6, and the apoptotic response (18, 19) . These pro-inflammatory cytokines are involved in the depression of cardiac function and the progression from cardiac injury to failure (20) . Therefore, blocking inflammatory signaling may produce beneficial effects in the dysfunctional heart (21) .
Epimedium has been used in Traditional Chinese Medicine for the treatment of autoimmune disorders, such as rheumatism, for thousands of years, and its major active component, icariin, has an anti-inflammatory effect in certain tissues and cells (10,11). Xu et al (10) showed that pretreatment with icariin decreased the expression of TNF-α, IL-6, cycloxygenase-2 and prostaglandin E2 in the lungs of LPS-challenged mice. In addition, Zeng et al (22) demonstrated that icariin inhibited the release of TNF-α, IL-1β and IL-6 in cultured microglia that had been treated with LPS. The present study showed that icariin downregulated the expression of TNF-α, IL-1β and IL-6 in LPS-stimulated H9c2 cells, indicating an anti-inflammatory effect of icariin in cardiomyocytes.
Inflammatory mediators may cause cardiac cytotoxicity and lead to cardiomyocyte loss through the induction of apoptotic pathways, thereby promoting cardiac dysfunction (23) . Cardiomyocyte apoptosis is important in a number of cardiovascular diseases, including cardiac hypertrophy, heart failure, diabetic cardiomyopathy, ischemia/reperfusion injury, atherosclerosis and sepsis-associated cardiac dysfunction (19) . The present study showed that icariin attenuated LPS-induced cardiomyocyte apoptosis, indicating a potential therapeutic role of LPS in heart disease. The balance between the regulation of pro-apoptotic (for example, Bax) and anti-apoptotic (for example, Bcl-2) proteins determines whether cells undergo apoptosis or survive. Icariin treatment downregulated the expression of Bax, while upregulating that of Bcl-2, in LPS-stimulated H9c2 cells. These changes may contribute to the anti-apoptotic effect of icariin.
As the results demonstrated that icariin attenuated the LPS-induced inflammatory response and apoptosis in H9c2 cells, the mechanisms underlying these beneficial effect were further investigated. In response to LPS, ROS generation is known to be markedly elevated, and is involved in the activation of signaling pathways and the production of inflammatory mediators (18) . Previous studies have shown that icariin protects human umbilical vein endothelial cells from H 2 O 2 -induced apoptosis (24) and inhibits ROS production in LPS-treated microglia (22) . These finding indicated that icariin has anti-oxidative effects. Studies have demonstrated that ROS production contributes to the LPS-induced activation of JNK, which belongs to the mitogen-activated protein kinase family and is involved in the induction of the inflammatory response and apoptosis (25, 26) . The present study showed that icariin decreased ROS production and blocked the phosphorylation of JNK in LPS-treated H9c2 cells. The NF-κB/Rel family of transcription factors are key molecules that participate in the regulation of the inflammatory response, as well as certain other cellular processes, including cell growth, proliferation and apoptosis (27, 28) . Inactive NF-κB dimers (classically p65/p50) bind to cytosolic inhibitory proteins, IκBs. Following stimulation of the NF-κB pathway, IκBs are phosphorylated, causing their ubiquitination and degradation, and the subsequent release and activation of NF-κB (29) . It has been reported that the NF-κB pathway may serve as a target of JNK (25) . The present study suggested that icariin treatment inhibited the phosphorylation and degradation of IκBs and blocked the subsequent nuclear translocation and phosphorylation of NF-κB p65 in response to LPS. This indicated that icariin may inhibit the NF-κB pathway in association with the downregulation of ROS production and JNK activation.
In conclusion, the present study demonstrated for the first time, to the best of our knowledge, the alleviating effect of icariin on the LPS-induced inflammatory response and apoptosis in cardiomyocytes. This effect may be mediated by inhibition of the ROS-dependent JNK/NF-κB pathways. These results provide evidence for the potential application of icariin in the treatment of inflammatory injury in cardiovascular diseases.
